Several applications of glass nanofibers have been proposed for the past years. We found a new method for production of nanofibers with a diameter of 100 nm order from thin glass plates by irradiation with nanoseconds pulsed UV laser (wavelength is 355 nm). Although the generation of nanofibers from the back surface of a glass plate is convenient for continuous laser irradiation and collection of fibers, the details of the mechanism have not been elucidated yet. In this paper, we focused on the dynamics of ejection of glass melts that results in the formation of nanofibers, and investigated the mechanism of nanofiber generation. Based on the observation by a high-speed camera, we found that voids inside of the glass plate propagated in the laser propagation direction shot by shot, then, the void pushed the molten glass near the back surface. We also confirmed that the molten glass was ejected from the back surface of plates at a speed of 10-100 m/s. We assumed that the driving force is "recoil pressure", and compared the estimated pressure value from this experiment with that shown in the references. The value estimated by the relationship between pressure and momentum was 1.3 MPa, which was close to that reported in the past.
INTRODUCTION
Nanofibers have been widely focused as prospective, functional materials 1 . Particularly, glass nanofibers have been expected because of their characteristics as non-organic materials, and several applications have been proposed such as catalysts, medical use, or sensing devices [2] [3] [4] . For its future applications, investigation and development of fabrication method are inevitable. Also, it is necessary to develop methods for controlling nanofibers. At a moment, electrospinning and melt blowing, which have been used in fabrication of polymer nanofibers, are candidates for mass-production. In addition, the production of nanofibers using lasers has been reported: Markillie et al. showed that excimer laser irradiation to glass caused fiber generation, with a diameter of 3 μm 5 . Venkatakrishnan et al. reported that high repetition rate femtosecond laser irradiation to glass induced nanofiber generation 6 . Because glass melting occurs in both the processes, elucidation of the nanofiber generation helps us to understand glass processing using pulsed lasers.
Recently we found that nanofibers were generated from glass plates using a pulsed UV 355 nm laser 7 . The diameters of the fibers were in the order of 100 nm. The unique points in the method presented this paper is that nanofibers were generated from the back surface, which is convenient for efficient collection of nanofibers. For industrial application of this method in the future, elucidation of the nanofiber generation is highly important.
In this study, we observed the dynamics of glass during laser irradiation to observe the glass melting and fiber generation using a high-speed camera. The observation showed the behavior of inner glass and melt ejection. We discussed the pressure applied on the glass surface at which molten glass was ejected based on the speed of melt ejection.
a Figure 1 shows a schematic drawing of the optical system. The laser beam propagated from the lower to upper direction. A UV laser beam emitted from an oscillator (AVIA355-4500, Coherent Inc.) was focused through an objective lens (magnification of 5, NA = 0.15; LU Plan Fluor, Nikon). An oscillator emits a laser beam of wavelength 355 nm and pulse width 40 ns. The power was set to ~2.5 W and the frequency was set to 25 kHz. The beam diameter (1/e 2 ) before the objective lens was 2.3 mm, measured by the knife-edge method. The focusing location was set at +0.8 mm from the lower surface, and scanning speed 0.2 and 0.5 mm/s. A non-alkaline glass substrate (OA-10G, Nippon Electric Glass Co., Ltd.) of 0.2 mm thickness, which was mounted on an X-Y-Z stage, was used as the workpiece. A CCD camera with an optical filter and LED with a wavelength of 627 nm as an illumination source, was set coaxially to the laser beam to observe the process in real time. A high-speed camera (FASTCAM SA-Z, Photron Ltd.) with the optical filter and LED was prepared to observe the phenomenon in the direction of the cross section. The frame rate was set at 50,000 and 300,000 fps and the exposure time 1/100,000 s and 1/4,030,200 s, respectively. Nanofibers were also observed using a scanning electron microscope (SU3500, Hitachi High-Technologies Corp.).
RESULTS AND DISCUSSIONS

Observation of the generated nanofibers
By the optical system shown in Fig. 1 , glass nanofibers were generated from the upper surface (i.e. back surface) of the glass. Figure 2 shows a SEM image of a part of nanofibers. The diameters were in the range of 50-300 nm. The image also includes a tip of nanofibers, which has a spherical shape. The diameter was ~1 μm. Figure 3 shows a snapshot taken by a CCD camera. Nanofiber generation was observed through the objective lens which focused a laser pulse and glass plate. The broken arrow represents the lateral location of the beam spot (~46 μm beam diameter on the lower surface of the plate). Bright white emission was observed in the area with a diameter of 400 μm around the laser focal region. This emission should be attributed to the black-body radiation caused by heat generation. The nanofibers were generated and spread from the laser focal region. During laser irradiation, the glass on the front side of the scanning direction was melted. This means that laser pulses were successively illuminated to the molten area. Figure 4 shows images during the ejection of nanofibers captured by a high-speed camera. The images in Fig. 4(a) and those in Fig. 4(b) were captured at the frame rate of 50,000 fps and 300,000 fps, respectively. In Fig. 4(a) , voids with a diameter of 40 μm were observed in the glass. The voids propagated in the upper direction after laser irradiation and shrunk until the next laser irradiation. The lower side of the voids opened to the air, which can be considered by seeing the plasma shape. When the upper side of voids approached the back surface, nanofibers were generated as shown in the image at t = 160 s in Fig. 4(a) . After that, these voids were closed probably because of the surface tension. Then, light absorption started from the lower side of the glass plate. Nanofibers were generated by every ~7 pulses, which means that generation rate was ~3,600 fibers/s. In Fig. 4(b) , in which images were captured at a higher frame rate, ejection of glass melt was observed. The images at t = 3.3 s and 6.6 s showed nanofibers clearly. The locations of the nanofibers were marked as broken lines. In this picture, two fibers connected with each other on the top were formed. By comparing the distance of the two broken lines with the interval time, the ejection speed was calculated as 51.7 m/s (Note that the moving distance of 12.8 μm during the camera exposure time can be neglected compared with that of the two broken lines). From the other observation in the same laser irradiation condition, the speed of the fiber ejection was in the range of 10-100 m/s.
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Discussion of generation process of nanofibers
Here, we discuss the generation process of nanofibers based on the observation by a high-speed camera. Figure 5 represents a schematic of the proposed process. At the early stage of laser irradiation, laser beam is irradiated from the lower surface of a glass plate and the glass around irradiation area was melted as observation shown in Fig.3 , Then, by the successive irradiation, voids are formed in the molten region and extend to the upper surface of the glass plate. The thin layer of the molten glass is expected to be pushed from the lower to upper side of the glass plate, i.e. laser propagation direction. Finally, molten glass is ejected from the glass plate, and nanofibers are formed as the result of cooling of ejected molten glass. After the ejection of molten glass, voids are closed by melt flow and its surface tension.
The possible driving force to induce the ejection of molten glass is recoil pressure, which has been reported in the laser processing of metals 8 . Here, we estimated the pressure when a molten glass is ejected by considering the relationship between pressure and momentum of ejected glass. We assumed that molten glass with its mass of m was ejected at the 
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Nanofibers velocity of v when the pressure of p was applied on the surface of a molten glass of the specific area of A during the time of t. If we consider that the momentum of ejected melt is equal to that by the pressure on the surface of molten glass, we can make the following equation:
Here, we assumed that the area A was considered as the void diameter, 40 μm, and the time t, equals to the pulse width, 40 ns. The mass of the ejected glass was calculated using the glass density of 2.5 g/cm 3 and diameter of the sphere on the tip, 1 μm, as observed in the SEM image shown in Fig 2. In reality, molten materials are not spherical during ejection, but here, we used the volume after cooling of ejected glass. Using eq. (1), p was calculated as 1.3 MPa. Chen et al. 9 estimated that the recoil pressure value should be around 0.1-1.0 MPa when laser fluence is 1.0 × 10 10 W/cm 2 . The value estimated by Chen et al. is close to the estimated value in this study. One difference between ours and Chen et al. is the pulse width. From the other observation, when the void closed after the melt ejection, the lower side of the void was closed earlier than the upper side (Also, depicted by Fig. 5) . It is because the glass around the upper side of the void was ablated with each pulse, which caused widening of the void on the upper side. On the other hand, the lower side is only heated because of the defocusing, which leads to gradual closing. 
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CONCLUSIONS
We observed the nanofiber generation from the back surface of a glass plate by a pulsed UV laser irradiation. First, glass was molten, and then, voids were formed in the glass plate. The voids propagated toward the back surface. After the voids reached the back surface, molten glass was ejected from the surface at a speed of ~50 m/s. We considered that one possibility of the driving force was recoil pressure. The shrinkage of voids was observed after ejection of molten glass, which may be induced by the surface tension.
